Abstract. The interatomic Coulombic electron capture (ICEC) process has recently been predicted theoretically for clusters of atoms and molecules. For an atom A capturing an electron e( ) it competes with the well known photorecombination, because in an environment of neutral or anionic neighboring atoms B, A can transfer its excess energy in the ultrafast ICEC process to B which is then ionized. The cross section for e( ) + A + B → A − + B + + e( ) has been obtained in an asymptotic approximation based on scattering theory for several clusters [1, 2] . It was found that ICEC starts dominating the PR for distances among participating species of nanometers and lower. Therefore, we believe that the ICEC process might be of importance in the atmosphere, in biological systems, plasmas, or in nanostructured materials. As an example for the latter, ICEC has been investigated by means of electron dynamics in a model potential for semiconductor double quantum dots (QDs) [3] . In the simplest case one QD captures an electron while the outgoing electron is emitted from the other. The reaction probability for this process was found to be relatively large.
Introduction
Dissociative recombination (DR) is a process in which a molecular ion captures an electron and then dissociates as result of the charge uptake. The process has been observed over years in environments as atmospheric, interstellar space, combustion, or laboratory plasmas [4] [5] [6] in which free electrons are present. Other electron capture processes known are photon based, namely the photorecombination (PR, i.e. radiative attachment/recombination [7, 8] ) in which a photon is emitted as result of the capture as well the dielectronic recombination, which is a special case of PR proceeding through an electronic resonance [9] .
In some of these environments molecules that can undergo DR coexist with other atomic or molecular species in the distance of nanometers. For such environments we have recently proposed a new mechanism, the interatomic Coulombic electron capture (ICEC), that might be competing with DR or at least PR and should not be overlooked [1, 2] . During ICEC an electron is taken up by one neutral or positively charged atom or molecule A (Fig. 1, left) . The binding and excess energy of the captured electron is transferred, via long-range Coulomb interaction, to a neighboring atom or molecule B (right), which is then ionized according to
Depending on the state of A into which the electron is captured or the number of participating electrons we distinguish among ICEC with capture into the ground (Sect. 2.1) or excited (Sect. 2.2) state and the dielectronic ICEC (dICEC, Sect. 2.3) that we have studied by multichannel scattering theory [1, 2, 10] . Another theory that we employed was exact electron dynamics which we utilized to prove ICEC to be a possible process in nanoscale semiconductor quantum dots (QDs, Sect. 3, [3] ).
ICEC in atoms and molecules

ICEC through ground states
An isolated neutral or ionic atom A can take up one electron solely by emission of a photon, which is known as PR [7, 8] . However, when the atom is embedded in an environment of one or several neighboring neutral or ionic atoms or molecules B ICEC can occur (Eq. (1)). The energy conservation
among the electron affinity EA (A) of A and the ionization potential I P (B) of B defines the energy of the virtual photon transferred from A to B [1, 2] . The virtual photon mechanism allows to rationalize the process in terms of cross sections for intermediate steps. Although the energy threshold for the incoming electron in PR is simply t = 0, it is conditional for ICEC through
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was derived in terms of multichannel scattering theory. Equation (4) says that ICEC dominates PR for short interatomic distances R, for small virtual photon energies E vph , i.e. slow incoming electrons or higher excited states (inverse to PR), for large photoionization (PI) cross sections
PI of B (e.g. B is molecule with shape resonance), and for a higher number N of neighbors [1, 2] .
An example for the efficiency of ICEC is the halogen-halide reaction
with threshold energy t = 0.228 eV (or t = 0 eV for the respective backwards reaction) when using EA (Br) = 3.313 eV and I P (Cl − ) = 3.601 eV [11] . A reaction with several neighbors (N = 1, 6) that we studied was [1] :
ICEC through excited states
Contrary to PR ICEC becomes more likely with small virtual photon energies E vph and thus when capture is into excited virtual orbitals of A [1, 2, 7, 8] . Examples for this are the capture of an electron by different noble gas cations into their Ne(2p −1 3p) or the H e(1s −1 2p) state that undergo ICEC with other noble gas atoms or benzene as neighbor [2] . The ICEC cross section was observed to be larger than the PR cross section for all incoming electron energies in the case of the excited state, whereas it was smaller for large in the case of the ground state. It is noteworthy that an energy threshold exists for ICEC through excited states due to Eq. (3) which is for Ne(2p −1 3p) with EA (Ne + ) = 2.943 eV t = 6.51 eV and t = 10.50 eV, respectively, when the neighbors are Benzene (I P (Bz) = 9.45 eV [12] ) or Xenon (I P (Xe) = 12.13 eV [13] ). Another example that has been studied in detail for the merit of very small virtual photon energies is [2] e( ) + Mg
Dielectronic ICEC
Electron capture into virtual states does not only allow for single-electron, but also for dielectronic processes. In case of isolated cations, dielectronic recombination has been proved in systems where the electron is captured into a Rydberg state by exciting one of the bound electrons which then relaxes via photon emission [9] . The corresponding dICEC process is combined of the aforementioned dielectronic capture process and the interatomic Coulombic decay (ICD [14] [15] [16] [17] ) process [2] . In ICD the excited electron on the moiety A relaxes by transferring a virtual photon to a neighbor B which then emits an electron. The balance equation for the total dICEC process reads
and the dICEC cross section
was derived along the same lines as before [2] . Here, g d and g in are the weights of the decaying and the initial state, respectively, k ph is the absolute of the wave vector of the emitted photon, and R is the resonance energy of the decaying state. The total widths = AI + ph + I CD is composed of the 07002-p.3 It is obtained using the multipole expansion of the electron-electron interaction term which couples the electronic motion on the centers A and B and drives the interatomic decay [18, 19] . Equations (9) and (10) mean that dICEC also dominates for small R and E vph . However, since dICEC is a dielectronic process involving a resonance decay, capture only into discrete high-energy states has been shown for the examples Ne
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→ H e * * (2snp + 2pns) → H e(2p −1 np), and Mg + → Mg * * (3pns + 3pnd) [2] . In all cases dI CEC as a function of gives a line spectrum with usually increasing line intensity for larger when I CD dominates ph . Moreover, if the autoionization rate is large then it dominates I CD and lines are less intense [2] .
ICEC in quantum dots
There are two main components involved in ICEC, namely the two binding entities A and B (previously atoms or molecules, Sect. 2) and two mobile entities (electrons). The process is affected by the binding energy and symmetry of the electronic states in the atoms, but it does not require the specific atomelectron interaction to achieve the capture. The most relevant contribution to ICEC comes from the electron correlation between electrons located in different moieties, leaving some space for the binding potential to be generalized. Thus electrons can be localized in binding potentials that are commonly used to theoretically describe nanometer sized semiconductor structures called quantum dots (QDs) also known as artificial atoms. The name was coined by Kastner et al. [20] after the discovery of quantized electronic levels inside the QDs. The amount of experiments performed in QDs and the variety of phenomena with a straight correlation to those found in atoms increased enormously over the years [21] [22] [23] [24] [25] [26] [27] [28] [29] and was mainly motivated by the vast range of technological applications of QDs as 07002-p.4 DR2013 third generation solar cells [30, 31] , light emitting diodes [32, 33] , quantum information processing [25] , or infrared photo detectors [34] [35] [36] among others.
The ICEC process first described in atoms was found to be also present in QDs [3] . The natural configuration to prove ICEC in QDs is a pair of neighboring QDs usually referred to as a double quantum dot (DQD). The dots are chosen to be separate enough to keep individual characteristics of the dots and close enough to allow the confined electrons inside each of the dots to interact with electrons in the neighboring dot via long-range Coulomb interaction. We have performed studies of ICEC in QDs using a model potential for a nanowire with a DQD defined along it [3] . Analogue models have been used by some of us to prove ICD [37] [38] [39] [40] as another long-range correlation driven mechanism inside DQDs.
We used electron dynamics to prove ICEC in DQDs [3] . The approach goes beyond the scattering tools used to describe ICEC in atoms (Sect. 2) and allows for a deeper understanding of the process as such. New physical insight into the intermediate steps of ICEC can be obtained and thus new phenomena be discovered. In our calculations we solved the time-dependent Schrödinger equation in a complete state space description by using the multiconfiguration time-dependent Hartree (MCTDH) method [41, 42] as implemented in the MCTDH suite of programs [43, 44] .
Details on our investigations on ICEC in DQDs are published elsewhere [3] . One example is, however, presented in Fig. 2 . We found that ICEC processes are particularly fast and can play a significant role in the dynamics contributing to the energy transfer between QDs. The ICEC mechanisms in DQDs are feasible to be implemented and exploited in devices using low energy electrons and confined directionality.
Conclusion
Our approaches to investigate the interatomic Coulombic electron capture process have been two-fold: we have studied atomic systems in an asymptotic approach based on multichannel-scattering theory and obtained general results on the ICEC cross section that were then used to study several systems. Here we found that ICEC can dominate PR for low R, low E vph , and high N and that the dielectronic dICEC process is an alternative capture process at discrete, higher energies but otherwise similar conditions than ICEC itself.
The basic physics of the general long-range correlation induced energy transfer process has been understood by using fully-correlated electron dynamics in general binding potentials. From this approach we have learned about the importance of ICEC in semiconductor quantum dots in which it happens to a relatively high probability and can overcome other important capture mechanisms. Therefore we comprehend our results as an important contribution to state-of-the-art nanotechnology for the development of QD devices that generate monochromatic low energy electrons in given direction.
All findings made clear that ICEC is an important process of high generality which has been overlooked until now although it applies in very different environments as the atmosphere, plasmas, biological systems, and nanomaterials. With this presentation we hope to stimulate exciting experiments on ICEC.
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